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Summary
PRINCIPLES: Amyloids are highly cross-β-sheet-rich ag-
gregated states that confer protease resistance, membrane
activity and multivalence properties to proteins, all essen-
tial features for the undesired preservation of food proteins
transiting the gastrointestinal tract and causing type I al-
lergy.
METHODS: Amyloid propensity of β-parvalbumin, the
major fish allergen, was theoretically analysed and assayed
under gastrointestinal-relevant conditions using the binding
of thioflavin T, the formation of sodium dodecyl sulphate-
(SDS-) resistant aggregates, circular dichroism spectro-
scopy and atomic force microscopy fibril imaging. Impact
of amyloid aggregates on allergenicity was assessed with
dot blot.
RESULTS: Sequences of β-parvalbumin from species with
commercial value contain several adhesive hexapeptides
capable of driving amyloid formation. Using Atlantic cod
β-parvalbumin (rGad m 1) displaying high IgE cross-re-
activity, we found that formation of amyloid fibres under
simulated gastrointestinal conditions accounts for the res-
istance to acid and neutral proteases, for the presence of
membrane active species under gastrointestinal relevant
conditions and for the IgE-recognition in the sera of aller-
gic patients. Incorporation of the anti-amyloid compound
epigallocatechin gallate prevents rGad m 1 fibrillation, fa-
cilitates its protease digestion and impairs its recognition
by IgE.
CONCLUSIONS: the formation of amyloid by rGad m 1
explains its degradation resistance, its facilitated passage
across the intestinal epithelial barrier and its epitope archi-
tecture as allergen.
Key words: type I food allergy; fish allergens; fish β-
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Introduction
More than 5% of the population suffer from type I food al-
lergy, an immunoglobulin E- (IgE-) mediated hypersensit-
ivity disease provoked by food proteins [1–3]. Type I food
allergy involves two main phases; a sensitisation step and
an effector phase [3–5]. The sensitisation occurs in the
gastrointestinal tract (GIT) after the contact with the inges-
ted allergen and consists in a series of events leading to
an overproduction of allergen-specific IgE able to bind to
the high-affinity IgE receptor FcεRI on the surface of baso-
phils and mast cells. In the effector phase, the causative al-
lergen crosses the intestinal epithelium and cross-links the
IgE-FcεRI complexes, provoking effector cell activation
and the release of allergy mediators. Although individual
reactivity depends on genetic and environmental factors,
stability of food allergens through the GIT is an essential
requirement for their pathogenicity [3, 6–9]. The stability
confers resistance to heat treatments, to drastic pH changes
(pH 2–7.5), to acid and neutral proteases and to detergents,
and permits the preservation of immunogenic motifs for
interaction with the epithelial immune system or passage
through the epithelial barrier in order to induce sensitisa-
tion and systemic symptoms [8, 9]. These properties are
shared by more than 120 molecular architectures with dif-
ferent folds, suggesting as yet unknown common structural
threats [10, 11].
Pathogenic proteins such as prions display such stability
by virtue of their amyloid fibrillar state [12, 13]. Amyloid
fibrils are insoluble protein aggregates with a highly com-
pact spine based on a cross-β-sheet structure [14–18]. This
structure comprises an indefinitely repeating intermolecu-
lar β-sheet motif, in which each pair of intermolecular
β sheets interdigitate their side chains as a steric zipper.
Amyloids are very stable and more resistant to hydrolysis
than the folded globular protein, and upon the proper signal
they can release monomers and create a population of dif-
ferent oligomeric and polymeric intermediates [18, 19].
Amyloid fibrils are considered poorly immunogenic, but
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their aggregated fragments as prefibrillar oligomers and
fibrillar oligomers have yielded very valuable conform-
ational antibodies [20, 21]. Therefore, assembly into
amyloid-like structures by food allergens could explain
some of their pathogenic properties.
Materials and methods
Chemicals and proteins
All reagents were of the highest grade commercially avail-
able. Thioflavin T was obtained from Sigma. A Chelex res-
in (Bio-Rad) was used to remove contaminant trace metals
from all solutions. Recombinant Gad m 1 (rGad m 1) was
produced from a pET15b construct containing the synthetic
open reading frame sequence of Atlantic cod parvalbumin
A51874 (Genscript). Protein was isolated from the soluble
fraction of sonicated bacterial cells and purified by Ni2+-
NTA (nickel-nitrilotriacetic acid) chromatography. Remov-
al of His-tag was performed by a 3-h digestion with throm-
bin, following ultrafiltration through a 30 kDa cutoff filter.
Filtrates containing rGad m 1 were extensively dialysed
against mQ H20 and then lyophilised. Protein was quanti-
fied using Bio-Rad protein assay. Before use, rGad m 1 was
equilibrated by dialysis in 5 mM Hepes pH 7.4 and centri-
fuge at 12,000 × g for 15 min at 4 °C to remove any insol-
uble material. Fibrils from Aβ1–40 and HaPrP23–231 were
formed as described [22, 23].
Human sera
Fish allergic patients had convincing case histories of fish
allergy, positive skin prick tests to codfish (≥5 mm mean
wheal diameter), and serum specific IgE to cod (30.3 and
9.6 kU/l) and to rGad c 1 (14.2 and 18.5 ku/l, respectively)
and a positive double-blind placebo-controlled food chal-
lenge with codfish (ImmunoCAP, ThermoFisher Scientific,
Uppsala, Sweden). Sera were stored at –20 °C until use.
Written informed consent was obtained from patients and
Figure 1
Propensity of fish β-parvalbumin sequences to form amyloids.
(A) Fish β-parvalbumin fold described for cod (PDB ID:2MBX), carp
(PDB ID: 4CPV), hake (PDB ID: 1BU3), pike (PDB ID: 1PVB) and
whiting (PDB ID: 1A75) chains is largely conserved and consists of
six α-helices pairing as AB, CD and EF and forming three EF-hand
motifs, two of which (CD and EF) coordinate Ca2+. (B)
Immunological reactive sites described for fish β-parvalbumins,
shown as green rectangles, embrace the spacers between motifs
and on the C-terminal motif [29–31]. (C) Some hexapeptides with
adhesive properties found in β-parvalbumin sequences from
commercially valuable fish and known allergic potential using
Zipper Db flank the immunological reactive sites. Hexapeptides
(single or extended) are depicted in red, by (C) arrows (the
saturation of the colour is proportional to the similarity of the
segments) and by (D) their sequences.
the study was approved by the Ethics Committee of the
Hospital Clínico San Carlos (Madrid).
Amyloidogenic propensity analysis
The amyloidogenic propensity of fish β-parvalbumins was
analysed using the Zipper Db algorithm [17]. The se-
quences considered were: Atlantic cod (Gadus morhua)
‒ Q90YK9, Q90YL0, A51874; Atlantic salmon (Salmo
salar) ‒ Q91482, Q91483, B5DH15, B5DH16, E0WD98,
E0WD99; Rainbow trout (Salmo gairdneri, Onco-
rhynchusmykiss) ‒ E0WDA2, E0WDA3; Alaska pollock
(Theragra chalcogramma, Gadus chalcogramma) ‒
Q90YK8, Q90YK7; Atlantic herring (Clupea harengus) ‒
C6GKU6, C6GKU7; carp (Cyprinus carpio) ‒ Q8UUS2,
Q8UUS3, E0W92, E0W93; mackerel (Scomber japonicus,
Trachurus japonicas, Scomber vernalis) ‒ G9I591,
E0WD95, Q3C2C3, Q3C2C4, D3GME4, C0LEK8; hake
(Merluccius bilinearis, Merluccius merluccius, Merluccius
australis, Merluccius senegalensis) ‒ P56503, P02620,
P86745, P86778.
Aggregation assays
Recombinant Gad m 1 solutions at concentrations of 0.5–5
mg/ml were prepared in simulated gastric fluid (SGF: 50
mM glycine pH 2.0, 35 mM NaCl) or simulated intestinal
fluid (SIF: 50 mM Tris pH 7.5, 35 mM NaCl), in both cases
supplemented with either 5 mM EDTA or 5 mM CaCl2.
Simulated gastrointestinal fluid (SGIF) was achieved by a
30-min incubation in SGF followed by the addition of 1/5
(V/V) of 1.5 M Tris pH 8.0. When required, fibres were
harvested by a 100,000 x g centrifugation for 1 h using
an OptimaTM MAX Beckman ultracentrifuge, and the pel-
let and supernatant fractions used for analysis. The binding
of ThT for the detection of amyloid was performed as de-
scribed [22]. Detergent resistant aggregates were assayed
by means of SDS-polyacrylamide gel electrophoreses
(SDS–PAGE) in 17% polyacrylamide gels; the proteins
were loaded without heating and visualised with either
Coomassie blue or silver staining.
Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy experiments were
performed with a Jasco J-820 spectropolarimeter equipped
with a Peltier-controlled thermostated cell holder. Far-UV
CD spectra were recorded for 30 μM rGad m 1 in SGF and
SIF supplemented with either 1 mM EDTA or 1 mM CaCl2.
Spectral analysis was performed as described [24].
Dynamic light scattering
Dynamic light scattering (DLS) data were acquired at 25
°C by use of Wyatt Dyna-Pro DLS system with a 1-mm
path length 12 μl quartz cuvette. Samples were filtered with
a 0.22 μm Whatman Anodisc-13 filter. Data were collec-
ted with a 5-second acquisition time, 20 acquisitions per
measurement at laser power 100% (buffer) and 85% (pro-
tein samples) and were analysed with the Dynamics soft-
ware.
Atomic force microscopy
For visualisation with atomic force microscopy (AFM),
5-μl sample aliquots of 0.5 mg/ml protein concentration
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were absorbed to freshly cleaved mica. Images were ob-
tained using a MultiMode Veeco microscope with 125-µm
lateral range and 5-µm vertical range J-scanner and Nan-
oScope IIIa controller. Rectangular cantilevers with tetra-
hedral tips for dynamic (tapping) mode in air were pur-
chased from Olympus (OMCL-AC240TS). Software to ob-
tain and treat the images was supplied with the instrument-
ation (NanoScope). For specific AFM analysis, we used the
free software WSxM 4.0 develop 13 (Nanotec).
Simulated gastrointestinal digestion
Recombinant Gad m 1 was both freshly dissolved or in-
cubated for 36 h in SGF (1–10 mg/ml protein concentra-
tion) with or without 20 μM (−)-epigallocatechin gallate
(EGCG, Sigma). The mixture was maintained at 37 °C
with gentle shaking, and the reaction was started with the
addition of pepsin (Sigma) at a ratio 1:70 w/w en-
zyme:substrate. After 30 min, the digestion was stopped by
increasing the pH to 7.5 with 1.5 M Tris-HCl. For simulat-
ing the intestinal digestion, the reaction products were sup-
plemented with proteinase K (1:70 w/w, protease:substrate)
and digestion was allowed for 30 min at 37 °C. The di-
gestion was stopped by adding phenylmethylsulfonyl flu-
oride (PMSF) at a final concentration of 2 mM. Control ex-
periments without proteases or with bovine serum albumin
(BSA) instead of rGad m 1 were also performed. The reac-
tion products were analysed by means of SDS-PAGE using
17% polyacrylamide gels.
Dot-blot analysis
The reactivity of protein species against conformation-de-
pendent antibodies was evaluated in a dot-blot analysis us-
ing the anti-amyloid fibrils OC antibody (AB2286 Merck
Millipore, 1/2000 dilution), the A11 anti-amyloid oligomer
antibody (AB9234 Merck Millipore, 1/2000 dilution), and
sera from patients allergic to cod fish (1/10 dilution).
Briefly, aliquots of rGad m1 (1–50 ng) under the different
treatments were spotted in triplicates on a nitrocellulose
membrane and treated with and without 6 M GdnCl. Im-
munodetection was performed by 1 h of incubation with
primary antibodies, followed by extensive washes and 30
min incubation with horseradish peroxidase-labelled anti-
body, either mouse monoclonal B3102E8 anti-human IgE
(Abcam, diluted 1:2000) or goat anti-rabbit IgG (1:5000
diluted; Sigma). The signal was developed with the ECL-
western-blotting reagent (Biorad), and detected with
ChemiDoc XRS equipment [25].
Results
To address the question of whether degradation properties
and preservation of monomers involves amyloid-like ag-
gregates we chose β-parvalbumins, the main elicitors of
IgE-mediated reactions in fish-allergic individuals [26].
The β-parvalbumins are Ca2+ binding proteins of about 12
kDa and contribute >2.5 mg per gram to raw fish muscle
[26–28]. They fold into a structure consisting of three EF-
hand motifs (AB, CD and EF) (fig. 1A), of which only CD
and EF can bind divalent cations (Ca2+ and/or Mg2+) [26,
27]. The major immunologically reactive sites have been
found on the junction between the motifs (regions 33–44,
65–74) and on the EF region (segments 88–96 and 95–109)
[26, 29–31]. Ca2+-bound forms are extremely stable and
even cooking cannot alter their allergenicity [26].
However, loss of calcium causes an altered conformation,
with decreased stability and impaired IgE recognition [26,
32].
To adopt the amyloid conformation, proteins must contain
segments which are able to form a steric zipper [17, 18].
These segments must be exposed to solvent and achieve a
local concentration high enough to overcome the entropy
of fibre formation [14–16]. We first asked whether β-par-
valbumin sequences from fish with commercial value con-
tain adhesive hexapeptides forming steric zippers using the
Zipper Db algorithm [17]. All sequences tested displayed
at least two regions with adhesive properties, mainly over-
lapping A, E and F helical regions (fig. 1). Importantly, the
adhesive sequence AETKAF located at helix E and link-
ing IgE epitopes is highly conserved and only some herring
and mackerel sequences do not have it (fig. 1).
Once the theoretical capacity had been identified, to test
amyloid formation we selected Atlantic cod β-parvalbumin
(Gad m 1) as a model given its high IgE cross reactivity,
Figure 2
Amyloid-like aggregation of cod β-parvalbumin. (A) Kinetics of
thioflavin T (ThT) binding indicate rGad m 1 fibril formation under
simulated gastric fluid (SGF), simulated intestinal fluid (SIF)
supplemented with 5 mM EDTA and simulated gastrointestinal fluid
(SGIF) containing either 5 mM EDTA or 5 mM CaCl2. Reactions
were performed at 37 °C using 140 μM rGad m1, and the measured
fluorescence counts normalised. (B) Percentage of soluble rGad m
1 recovered in the supernatants of a 100,000 x g centrifugation
after 36-h incubations in SIF, SGF and SIGF, supplemented with 5
mM EDTA (E) or 5 mM CaCl2. (C) show formation of insoluble
aggregates under those conditions with increased ThT binding.
Incubations were performed at 3.5 and 140 μM rGad m 1. Solubility
percentages were determined by measuring the protein
concentration in both the soluble and the pellet fraction using
triplicates. Bar charts are presented as mean ± standard deviation
(n = 3); ** p < 0.05. (C) Analysis of rGad m 1 aggregates by use of
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and silver staining shows bands at high molecular weight
corresponding to SDS-resistant aggregates. (D) Circular dichroism
(CD) spectra of 60 μM rGad m 1 in SGF and SIF supplemented
with either 5 mM EDTA or 5 mM CaCl2 indicate β-sheet structures
after 36 h incubation of the apoforms. (E) Atomic force microscopy
(AFM) images of rGad m1 incubated for 36 h under SGF, SIF and
SGIF supplemented with 5 mM EDTA or 5 mM CaCl2 indicating the
formation of aggregates and of their fibrillar shape. Scale bars 100
nm.
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and assayed the binding of the amyloid-specific dye thio-
flavin T (ThT), the formation of SDS-resistant aggregates
by means of SDS-PAGE, the presence of β-sheet structures
measured with circular dichroism (CD) spectroscopy, and
the presence of fibrils in atomic force microscopy (AFM)
images. These analyses were performed while simulating
the gastric (SGF: 50 mM HCl-Gly pH 2, 35 mM NaCl)
and the intestinal (SIF: 50 mM Tris-HCl pH 7.4, 35 mM
NaCl) fluids, both in the presence of 5 mM EDTA or 5
mM CaCl2+ to account for cation-free and bound forms.
Recombinant Gad m 1 showed fast fibrillation under intest-
inal conditions in the presence of EDTA as assessed with
ThT binding (fig. 2A), solubility assays (fig. 2B), SDS-
PAGE (fig. 2C), CD (fig. 2D) and AFM (fig. 2E). At acid
pH where Ca2+ binding is impeded by protonation of the
side chains involved in its binding site, rGad m 1 aggreg-
ated both in the presence of EDTA or Ca2+ (fig. 2A‒E). Ag-
gregation is initiated from the α-helix-poor conformation
of the apoform that evolves into a β-sheet-rich conform-
ation (fig. 2D). Under these conditions fibrils were not-
ably present, but aggregation was predominated by lentil
shaped oligomers (oblate ellipsoids) about 2 nm high and
40 nm wide. Since transit through the gastrointestinal tract
involves exposure first to pH 2 and then to pH >6.5, we
Figure 3
Amyloid fibrils protect rGad m1 from protease digestion and
function as depots releasing distinct species. (A) sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
analysis of gastric (pepsin at pH 2.0) and gastrointestinal (pepsin at
pH 2.0 followed by proteinase K at pH 7.4) digestions of freshly
prepared solutions or after 36 h of fibrillation in SGF, in the absence
and presence of 20 μM of epigallocatechin gallate (ECGC), show
amyloid-assembly protects monomers from proteolysis. Gels were
stained with Coomassie blue. (B) Incubation of rGad m 1 with
ECGC (20 μM) prevents the increase in thioflavin T (ThT)
fluorescence due to fibrillation. Incubation was performed for 15
min in simulated gastric fluid (SGF) and then brought to simulated
intestinal fluid (SIF) conditions. Data correspond to two
independent experiments performed in triplicate. (C) Time-course
decrease of ThT fluorescence of rGad m 1 fibrils resuspended in
SIF containing either 5 mM EDTA or 5 mM CaCl2 indicates amyloid
disassembly. (D) Evolution of the circular dichroism (CD) spectrum
of rGad m1 fibrils after resuspension in SIF containing either 5 mM
EDTA or 5 mM CaCl2 reveal effects of amyloid disassembly on
secondary structure. Spectra were recorded 3 h after resuspension.
(E) DLS analysis of soluble rGad m 1 obtained in the supernatant of
a 100,000 x g centrifugation of amyloid fibrils resuspended in SGF
and SIF containing either 5 mM EDTA or 5 mM CaCl2 show the
release of monomers and oligomers. Species with RH of 1.8 ± 0.1
nm and 2.2 ± 0.2 nm correspond to Ca2+-bound and free
monomers, and those with 4.5 ± 0.5 nm and 21 ± 0.5 nm to
oligomers.
simulated the process by performing a 10-min preincuba-
tion at pH 2 followed by dilution to pH 7.4. Under these
conditions, rGad m 1 formed fibrils in the presence of both
EDTA and Ca2+ (fig. 2A‒E). Importantly, exposure to pH
<2.5 plays a key role in permitting Ca2+-bound rGad m 1 to
fibrillate, since incubation at pH >4.5 impeded the process
(fig. 2A, fig. 2E). On the other hand, the slower rate and
efficiency observed in the presence of Ca2+ compared with
EDTA under simulated gastrointestinal conditions suggest
competition between aggregation and cation binding.
To assess whether amyloid formation confers protease res-
istance, we analysed the rGad m 1 proteolytic pattern under
GIT-relevant conditions (fig. 3A). In SGF (pH 2) contain-
ing either EDTA or Ca2+ at 5 mM, rGad m 1, freshly dis-
solved or preincubated for 36 h in such media, resists the
action of pepsin and generates full length and truncated
chains. Increasing the pH to 7.4 and adding proteinase
K instead of the mixture of trypsin and chymotrypsin to
minimise the strong Ca2+ dependence of protease activity,
showed no further digestion. On the contrary, when rGad
m 1 was treated with 20 μM of the anti-amyloid compound
epigallocatechin gallate (ECGC) [33] to impair fibril as-
sembly (fig. 3B), acid and neutral digestion proceed with
significantly higher efficiency (fig. 3A).
To demonstrate that amyloid fibrils function as depots and
release species, we performed a fibre release assay under
GIT-relevant conditions [34]. For this purpose, rGad m 1
fibrils were harvested by centrifugation and diluted in SIF,
Figure 4
IgE from fish allergic patients sera recognises the rGad m 1
amyloid fibrils. (A) Dot-blot analysis of the immunoreactivity of
rGad m 1 species probed with anti-amyloid fibrils (OC), anti-amyloid
oligomer (A11) antibodies and with the sera from two fish-allergic
patients indicate IgE binding to native amyloid fibrils. Dots
correspond to 20 ng of fresh rGad m 1 solution in simulated
intestinal fluid (SIF) containing 5 mM Ca2+, rGad m 1 fibrillated for
36 h in simulated gastric fluid (SGF) and then diluted 1/50 in SGF,
SIF with 5 mM EDTA (SGIF), SIF with 5 mM CaCl2 (SGIF-Ca2+)
and SIF with 5 mM CaCl2 and 6 M GdnCl. SGF- epigallocatechin
gallate (EGCG) corresponds to rGad m1 incubated in the presence
of 20 μM EGCG for 36 h and then diluted 1/50 in SGF. (B)
Separation of soluble (S) and pellet (P) fractions reveal that allergic
patients IgE recognise insoluble amyloid fibrils. Fibrils formed at
140 μM protein concentration in SGF were diluted 1/50 in SIF either
with 5 mM EDTA (SGIF) or 5 mM CaCl2 (SGIF-Ca2+) and
centrifuged at 100,000xg for 1 h at 4 °C. (C) Anti-amyloid fibrils
antibody (OC) reacts with amyloid assemblies of rGad m 1, Aβ1–40
and HaPrP 23–231, but IgE from allergic patients sera recognised
specifically rGad m 1 fibrils. Labels 1 and 2 correspond to the load
of 10 and 20 ng of protein, respectively.
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both in the presence and absence of Ca2+, and the process
was analysed by means of ThT binding (fig. 3C), CD (fig.
3D) and DLS (fig. 3E). Incubation of fibrils in SIF con-
taining EDTA concurs with about 50% reduction of ThT
fluorescence and minor changes in the CD spectrum, in-
dicating the dissociation of fibrils into entities with simil-
ar secondary structure. DLS analysis of the supernatant of
a 100,000 x g centrifugation revealed, as function of pro-
tein concentration, species with RH of 2.2 ± 0.2 nm, 4.5
± 0.5 nm and 21 ± 0.5 nm which correspond to Ca2+-free
monomers and oligomers. In contrast, fibrils incubated in
SIF with Ca2+ underwent a larger reduction in ThT bind-
ing and changes in the CD indicating an increase in α-helix
structure. In this case, the supernatant contained only Ca2+-
bound (RH = 1.85 ± 0.1 nm) and Ca2+-free (RH = 2.2 ± 0.2
nm) monomers. Taken together, these results indicated that
rGad m 1 fibrils release oligomers and monomers, whose
relative populations depend on Ca2+ availability and the
protein concentration. Importantly, both amyloid fibrils and
oligomers are membrane-active structures with the ability
to increase permeability, which could play a role in facilita-
tion of passage of the allergen through the intestinal epithe-
lium, which is required for the sensitisation and the effector
phases [35, 36].
To assess the allergenicity of the different rGad m 1 species
(monomers, oligomers and fibrils) we tested their IgE re-
cognition by means of dot blot analysis using sera of two
patients allergic to fish and sensitised to fish parvalbumin
(fig. 4A). Unexpectedly, all forms involving presence of
amyloid aggregates were recognised by the sera of fish-al-
lergic patients with an affinity pattern similar to that of the
anti-amyloid fibrils OC antibody but different from that of
anti-oligomers A11 antibody. Indeed, IgE reactivity was as-
sociated with the insoluble aggregates isolated in the pellet
fraction of a 100,000 x g centrifugation (fig. 4B) and was
prevented by incubation with the anti-amyloid compound
EGCG and by their denaturation with GdnCl (fig. 4A).
Moreover, IgE reactivity is specific for rGad m 1 amyloids
since Aβ1–40 and PrP fibrils displaying anti-amyloid fib-
ril OC antibody reactivity were not recognised by patient
sera (fig. 4C). These data indicated that serum recognition
involved amyloid assembly and resulted from a fibril-in-
duced protein specific epitope (fig. 4A).
Discussion
Despite the large variety of proteins present in foods, only
a few of them are capable of sensitising and eliciting an IgE
response [1–3]. These food allergens are mainly present in
milk, egg, peanut, wheat, fish and shellfish, and consist of
a limited number of protein families with various functions
(hydrolases, binding and transport of ligands, storage and
cytoskeleton scaffolds) [11, 37, 38]. Food allergens under-
go large environmental changes during digestion, trigger-
ing profound structural alterations that can be crucial for
their pathogenicity. Formation of amyloid aggregates under
GIT conditions has been reported for several model pro-
teins, some of which, such as ovalbumin, β-lactoglobulin
and lysozyme, behave as food allergens [34, 39, 40–42].
It must be stressed that the amyloid structural signature
was established in protein extracts rich in ovalbumin and
legumin [39]. Here, we show that rGad m 1, the major type
I fish allergen, also forms amyloids in the GIT, and that
these assemblies are crucial for allergenicity. This amyl-
oidogenesis explains the role of the GIT, the concentration
and ligand dependence, the degradation resistance, the fa-
cilitated passage across the intestinal epithelial barrier and
the architecture of the IgE epitope.
Aggregation of fish parvalbumin into fibrils occurs through
its apo-form, which is consistent with the proamyloid prop-
erties of the ligand-free state of proteins such as apomyo-
globin and apolipoproteins [43, 44]. It also suggests that
the milk allergen apo-Bos d 5 may undergo a similar ag-
gregation event [45]. For fish parvalbumin, the proamyloid
form is stabilised by either acid pH or chelates, indicating
that gastric pH and food composition (citrates, polyanions,
etc) may regulate the efficiency of the aggregation process.
On the other hand, the dependence of amyloid formation,
both seeding and growing, on the monomer concentration
also agrees with the reported variations in pepsin resistance
and in the allergenicity of different fish species [28]. Trans-
it through the intestine increases the pH, conditions that fa-
vour fibrillation of rGad m 1. At this stage, Ca2+ availabil-
ity (ligand in general), which depends on its concentration
and on the presence of other entities binding it, modulates
the efficiency of the dissociation process and the species
thus produced.
By virtue of their membrane activity, fibrils and oligomers
can cooperate in the disruption of the intestinal barrier per-
meability, and facilitate the passage of fibrillar oligomers
to initiate the sensitisation route. Indeed, these amyloid as-
semblies share with mucosal adjuvants such as cholera tox-
in (CT) a deleterious lipid binding activity [6, 35, 36, 46].
On the other hand, as shown for the amyloid-β in retin-
al pigment epithelium cells, amyloid aggregates could also
play a key role in stimulating intestinal epithelial cells to
produce IL-33 and trigger type 2 responses, overcoming
tolerance and provoking sensitisation [6, 47]. Other amyl-
oid aggregates as Salmonella enterica serovar Typhimuri-
um curli fibrils activate the Toll-like receptor 2 / phos-
phatidylinositol 3-kinase pathway, enhancing the intestinal
epithelial barrier function, which is also tightly regulated
by gut microbiota [48–50].
The finding of the amyloid assembly as the Gad m 1 ar-
chitecture recognised by the IgE sera of patients allergic
to fish adds new functions for the amyloid fold and novel
routes for fish allergy intervention. Although the amyloid
fold was initially recognised in the context of toxic func-
tions, its functional repertoire has been expanded to include
storage, coating, catalysis and acquired inheritance roles
[12, 14–18]. Fish parvalbumin amyloid adds to the list the
function of scaffolding the IgE epitopes of this type I food
allergen. The search for the IgE epitopes in fish parvalbu-
mins has yielded several segments around Ca2+-stabilised
EF-hands, by use of antigens both denatured proteins and
peptides [29–31]. These regions fail to accomplish the mul-
tivalence required to cross-link IgE-FcεRI complexes on
effector cells in sensitised patients and hence triggering the
release of allergy mediators. On the contrary, the structur-
al repetitiveness of the amyloid polymer provides the basis
for such multivalence. Generalisation of this finding to oth-
er type I food allergens requires the consideration of the in-
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soluble and polymeric protein forms and the use of native
conditions during IgE recognition testing. Furthermore, the
feasibility of epigallocatechin gallate for preventing rGad
m 1 fibrillation suggests a role of anti-amyloid compounds
present in food or supplied by the gastrointestinal microbi-
ota as the natural antidotes to food allergens.
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Figures (large format)
Figure 1
Propensity of fish β-parvalbumin sequences to form amyloids. (A) Fish β-parvalbumin fold described for cod (PDB ID:2MBX), carp (PDB
ID: 4CPV), hake (PDB ID: 1BU3), pike (PDB ID: 1PVB) and whiting (PDB ID: 1A75) chains is largely conserved and consists of six α-helices
pairing as AB, CD and EF and forming three EF-hand motifs, two of which (CD and EF) coordinate Ca2+. (B) Immunological reactive sites
described for fish β-parvalbumins, shown as green rectangles, embrace the spacers between motifs and on the C-terminal motif [29–31]. (C)
Some hexapeptides with adhesive properties found in β-parvalbumin sequences from commercially valuable fish and known allergic potential
using Zipper Db flank the immunological reactive sites. Hexapeptides (single or extended) are depicted in red, by (C) arrows (the saturation of
the colour is proportional to the similarity of the segments) and by (D) their sequences.
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Figure 2
Amyloid-like aggregation of cod β-parvalbumin. (A) Kinetics of thioflavin T (ThT) binding indicate rGad m 1 fibril formation under simulated
gastric fluid (SGF), simulated intestinal fluid (SIF) supplemented with 5 mM EDTA and simulated gastrointestinal fluid (SGIF) containing either 5
mM EDTA or 5 mM CaCl2. Reactions were performed at 37 °C using 140 μM rGad m1, and the measured fluorescence counts normalised. (B)
Percentage of soluble rGad m 1 recovered in the supernatants of a 100,000 x g centrifugation after 36-h incubations in SIF, SGF and SIGF,
supplemented with 5 mM EDTA (E) or 5 mM CaCl2. (C) show formation of insoluble aggregates under those conditions with increased ThT
binding. Incubations were performed at 3.5 and 140 μM rGad m 1. Solubility percentages were determined by measuring the protein
concentration in both the soluble and the pellet fraction using triplicates. Bar charts are presented as mean ± standard deviation (n = 3); ** p
< 0.05. (C) Analysis of rGad m 1 aggregates by use of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and silver
staining shows bands at high molecular weight corresponding to SDS-resistant aggregates. (D) Circular dichroism (CD) spectra of 60 μM rGad
m 1 in SGF and SIF supplemented with either 5 mM EDTA or 5 mM CaCl2 indicate β-sheet structures after 36 h incubation of the apoforms. (E)
Atomic force microscopy (AFM) images of rGad m1 incubated for 36 h under SGF, SIF and SGIF supplemented with 5 mM EDTA or 5 mM
CaCl2 indicating the formation of aggregates and of their fibrillar shape. Scale bars 100 nm.
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Figure 3
Amyloid fibrils protect rGad m1 from protease digestion and function as depots releasing distinct species. (A) sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis of gastric (pepsin at pH 2.0) and gastrointestinal (pepsin at pH 2.0 followed by
proteinase K at pH 7.4) digestions of freshly prepared solutions or after 36 h of fibrillation in SGF, in the absence and presence of 20 μM of
epigallocatechin gallate (ECGC), show amyloid-assembly protects monomers from proteolysis. Gels were stained with Coomassie blue. (B)
Incubation of rGad m 1 with ECGC (20 μM) prevents the increase in thioflavin T (ThT) fluorescence due to fibrillation. Incubation was performed
for 15 min in simulated gastric fluid (SGF) and then brought to simulated intestinal fluid (SIF) conditions. Data correspond to two independent
experiments performed in triplicate. (C) Time-course decrease of ThT fluorescence of rGad m 1 fibrils resuspended in SIF containing either 5
mM EDTA or 5 mM CaCl2 indicates amyloid disassembly. (D) Evolution of the circular dichroism (CD) spectrum of rGad m1 fibrils after
resuspension in SIF containing either 5 mM EDTA or 5 mM CaCl2 reveal effects of amyloid disassembly on secondary structure. Spectra were
recorded 3 h after resuspension. (E) DLS analysis of soluble rGad m 1 obtained in the supernatant of a 100,000 x g centrifugation of amyloid
fibrils resuspended in SGF and SIF containing either 5 mM EDTA or 5 mM CaCl2 show the release of monomers and oligomers. Species with
RH of 1.8 ± 0.1 nm and 2.2 ± 0.2 nm correspond to Ca2+-bound and free monomers, and those with 4.5 ± 0.5 nm and 21 ± 0.5 nm to oligomers.
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Figure 4
IgE from fish allergic patients sera recognises the rGad m 1 amyloid fibrils. (A) Dot-blot analysis of the immunoreactivity of rGad m 1
species probed with anti-amyloid fibrils (OC), anti-amyloid oligomer (A11) antibodies and with the sera from two fish-allergic patients indicate IgE
binding to native amyloid fibrils. Dots correspond to 20 ng of fresh rGad m 1 solution in simulated intestinal fluid (SIF) containing 5 mM Ca2+,
rGad m 1 fibrillated for 36 h in simulated gastric fluid (SGF) and then diluted 1/50 in SGF, SIF with 5 mM EDTA (SGIF), SIF with 5 mM CaCl2
(SGIF-Ca2+) and SIF with 5 mM CaCl2 and 6 M GdnCl. SGF- epigallocatechin gallate (EGCG) corresponds to rGad m1 incubated in the
presence of 20 μM EGCG for 36 h and then diluted 1/50 in SGF. (B) Separation of soluble (S) and pellet (P) fractions reveal that allergic patients
IgE recognise insoluble amyloid fibrils. Fibrils formed at 140 μM protein concentration in SGF were diluted 1/50 in SIF either with 5 mM EDTA
(SGIF) or 5 mM CaCl2 (SGIF-Ca2+) and centrifuged at 100,000xg for 1 h at 4 °C. (C) Anti-amyloid fibrils antibody (OC) reacts with amyloid
assemblies of rGad m 1, Aβ1–40 and HaPrP 23–231, but IgE from allergic patients sera recognised specifically rGad m 1 fibrils. Labels 1 and 2
correspond to the load of 10 and 20 ng of protein, respectively.
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